Autophagy is a dynamically regulated intracellular degradation system that is important for cellular processes such as amino acid production during starvation and intracellular quality control. Previously, we reported that autophagy is suppressed in oocytes but is rapidly up-regulated after fertilization. During this period, autophagy is thought to be important for the generation of amino acids from the bulk degradation of maternal proteins that have accumulated during oogenesis. However, the mechanism of autophagy induction after fertilization is presently unknown. In most cell types, autophagy is negatively controlled by mammalian target of rapamycin complex 1 (mTORC1), which is typically regulated by amino acids and insulin or related growth factors. In this study, we determined the role of mTORC1 in fertilizationinduced autophagy. On the basis of the phosphorylation status of mTORC1 substrates, we found that mTORC1 activity was relatively high in metaphase II (MII) oocytes but was rapidly decreased within 3 h of fertilization. However, chemical inhibition of mTORC1 by Torin1 or PP242 in MII oocytes or fertilized embryos did not induce autophagy. In addition, activation of mTORC1 by cycloheximide did not inhibit fertilization-induced autophagy in fertilized embryos. By contrast, the phosphatidylinositol 3-kinase inhibitors wortmannin and LY294002 effectively suppressed autophagy in these embryos. These data suggest that, even though autophagy induction and postfertilization mTORC1 activity are inversely correlated with each other, as observed in other cell types, mTORC1 suppression is neither essential nor sufficient for fertilization-induced autophagy, highlighting a unique feature of the regulation mechanism of autophagy-mediated intracellular turnover in early embryos.
INTRODUCTION
Macroautophagy (hereafter called autophagy) is a highly dynamic intracellular degradation process through which cytoplasmic materials are sequestered into autophagosomes and delivered to lysosomes [1] . Autophagy is important for various physiological processes such as adaptation to starvation, quality control of cytoplasmic constituents, and clearance of intracellular pathogens [2] [3] [4] . In addition, we previously found that autophagy is also essential for the preimplantation development of mouse embryos [5] . Although autophagic activity is low in unfertilized oocytes, it is rapidly up-regulated within 4 h after fertilization [5] . When the autophagy-related gene 5 (Atg5), a gene essential for autophagosome formation, is deleted in early embryos, using oocyte-specific Atg5 knockout mice, embryonic development arrests at the 4-to 8-cell stages [5] . We hypothesized that this high level of autophagy induction is important for exchanging the maternal cytoplasmic contents into zygotic ones, that is, to generate maternal proteinderived amino acids, which could be utilized for new protein synthesis during preimplantation development.
The induction of autophagy in early embryos is dependent on fertilization or parthenogenetic activation with strontium [5] . Without these stimuli, fertilized oocytes do not induce autophagy even if they are cultured in vitro. However, how this type of autophagy is triggered remains unknown. In general, autophagy is negatively regulated by mammalian (or mechanistic) target of rapamycin (mTOR) complex 1 (mTORC1) in vitro and in vivo [6] [7] [8] . mTORC1 includes mTOR, regulatoryassociated protein of mTOR (Raptor), mammalian lethal with Sec13 protein 8 (mLst8), proline-rich AKT substrate 40 kDa (PRAS40), and DEP-domain-containing mTOR-interacting protein (Deptor) and is typically activated by amino acids and insulin or other growth factors [9, 10] . mTORC1 regulates a wide spectrum of cellular activities, such as protein translation, cell growth, proliferation, and metabolism, through the phosphorylation of p70 S6 kinase (S6K), eukaryotic translation initiation factor 4E binding protein 1 (eIF4EBP1/ 4E-BP1), and other substrates. To suppress autophagy, mTORC1 phosphorylates subunits (at least, unc-51-like kinase 1 [ULK] and autophagy-related 13 [ATG13]) of the ULK1 kinase complex, which is one of the most upstream regulatory units of autophagy [11, 12] . Previously, we reported that mTORC1 activity is relatively high in metaphase II (MII) oocytes, but it is suppressed following fertilization [5] , implying that fertilization-induced mTORC1 suppression causes the activation of autophagy. However, their causal relationship has never been examined.
In the present study, we determined the role of mTORC1 in autophagy induction in fertilized embryos by using chemical mTORC1 modulators and found that mTORC1 suppression is neither essential nor sufficient for this unique type of autophagy following fertilization.
MATERIALS AND METHODS

Animals
C57BL/6 mice were purchased from SLC (Shizuoka, Japan). Mice carrying a transgene encoding microtubule-associated protein 1 light chain 3 alpha (MAP1LC3A/LC3) fused to enhanced green fluorescent protein (GFP-LC3 mice) were described previously [13] . The mice used in this study were between 8 and 12 weeks old. All animal experiments were approved by the Animal Care and Use Committee of the National Institute of Radiological Sciences (Chiba, Japan).
Collection and Culture of Oocytes and Embryos
To collect MII oocytes, female mice were superovulated by intraperitoneal injection of 5 IU of equine chorionic gonadotropin (eCG; ASKA Pharmaceutical, Tokyo, Japan) followed 48 h later by intraperitoneal injection of 5 IU of human chorionic gonadotropin (hCG; ASKA Pharmaceutical). MII oocytes were collected from the oviducts in human tubal fluid (HTF) medium or Ca 2þ -free Chatot, Ziomek, and Bavister (CZB) medium for parthenogenetic activation: the composition of the medium was 81.62 mM NaCl, 4.83 mM KCl, 1.18 mM KH 2 PO4, 1.18 mM MgSO 4 Á7H 2 O, 25.12 mM NaHCO 3 , 31.30 mM sodium lactate, 0.27 mM sodium pyruvate, 0.11 mM EDTA, 1.00 mM glutamine, 100 U/ml sodium penicillin G, 0.70 mg/ml streptomycin, and 5.00 mg/ml bovine serum albumin. In vitro fertilization (IVF) and subsequent embryo culture were performed as described previously [14] . When necessary, hyaluronidase (150 U/ml; Sigma-Aldrich Corp., St. Louis, MO) was used to remove cumulus cells. Approximately 10 90-ll drops of the medium were covered with mineral oil (Sigma-Aldrich) in 60-mm petri dishes (Falcon 1007; Becton Dickinson Labware, Franklin Lakes, NJ) and equilibrated at 378C in an atmosphere of 5% CO 2 in air. Medium containing 1 lM Torin1 (Tocris Biosciences, Bristol, U.K.), 200 lM PP242 hydrate (Sigma-Aldrich), 100 lg/ ml cycloheximide (CHX; Sigma-Aldrich), 10 lM wortmannin (SigmaAldrich), or 500 lM LY294002 (Cell Signaling Technology, Danvers, MA) was used when indicated. When the medium contained these chemical modulators, oocytes or embryos were cultured in dishes containing a single modulator to avoid contamination. The composition of all media used in this study was described previously [15] .
Parthenogenetic Activation
Parthenogenetic activation was performed as described previously [5, 16] . Briefly, MII oocytes were transferred to Ca 2þ -free CZB medium containing 10 mM SrCl 2 (Sigma-Aldrich) and 5 lg/ml cytochalasin B (Sigma-Aldrich) for 2-4 h. Activated oocytes with two pronuclei were cultured in vitro under the same conditions as in the IVF experiments.
Western Blot Analysis
MII oocytes or embryos were collected and washed 4 times in PB1 medium containing 1 mg/ml polyvinylpyrrolidone (Sigma-Aldrich) to remove bovine serum albumin. These samples were lysed in 10 ll 43 Laemmli sample buffer (Sigma-Aldrich) and subjected to immunoblotting. Total cell extracts from 100 or 200 oocytes and 100 or 200 embryos were separated by 13.5% SDS-PAGE and blotted onto a polyvinylidene fluoride membrane, using a Trans-Blot Turbo system (Bio-Rad Laboratories, Hercules, CA). The membrane was blocked with 5% skim milk in Tris-buffered saline (Bio-Rad Laboratories) and incubated for 16 h at 48C with the following primary antibodies diluted 1:1000 in Immuno-enhancer reagent A (Wako Pure Chemical Industries, Osaka, Japan): anti-phospho (P)-S6K (phosphorylated at threonine 389) (product 9204 CST), anti-S6K (product 9202 CST), and anti-4E-BP1 (product 9542 CST), anti-a/b-tubulin (product 2148 CST), and horseradish peroxidase (HRP)-conjugated anti-b-actin (HRP-anti-b-actin; product A00730; GenScript, Piscataway, NJ). Each membrane was incubated with an anti-rabbit immunoglobulin G (IgG) HRP-linked antibody (CST) as a secondary antibody diluted 1:10 000 in Immuno-enhancer (Wako) reagent B at room temperature for 1 h with shaking. The HRP-anti-b-actin antibody was directly detected with Immunoenhancer (Wako) reagent B at 1:1000 dilutin. a/b-Tubulin or b-actin was used as a loading control. Chemiluminescence reactions were performed with Immobilon Western reagents (Millipore Corp., Billerica, MA) or LightningUltra (PerkinElmer, Inc., Waltham, MA). The signals were detected using a ChemiDoc-It imaging system with a BioChemi camera (UVP, Upland, CA).
Fluorescence Microscopy
Oocytes and embryos were collected and immediately fixed in 4.0% paraformaldehyde, pH 7.5, for 30 min at room temperature, washed 3 times in phosphate buffer, and analyzed under a fluorescence microscope (model IX70; Olympus, Tokyo, Japan) equipped with a charge-coupled device camera (model DP72; Olympus). More than 20 oocytes or embryos were analyzed in each experiment. GFP-LC3 puncta in each oocyte or embryo were counted using ImageJ software (National Institutes of Health, Bethesda, MD).
RESULTS
Induction of Autophagy after Fertilization Is Inversely Correlated with mTORC1 Activity
Previously, we showed that mTORC1 is highly activated in MII oocytes but becomes suppressed at the two-cell stage [5] . To better understand the dynamic change in mTORC1 activity during early embryonic development, we determined the phosphorylation levels of S6K and 4E-BP1, which are downstream targets of mTORC1.
Western blot analysis showed that S6K and 4E-BP1 were highly phosphorylated before fertilization (in MII oocytes) (Fig. 1A) . However, at 3 h after fertilization, S6K was markedly dephosphorylated, and 4E-BP1 was also partially dephosphorylated. Autophagic activity was monitored at the same time point by observing the formation of GFP-LC3 puncta, which represent autophagosomes [17] . At 3 h after fertilization, autophagy was induced only slightly (Fig. 1B) ; at 6 h, S6K and 4E-BP1 were profoundly dephosphorylated, and autophagy was highly up-regulated (Fig. 1, A and B) . These molecules were again phosphorylated from the middle of the two-cell stage (IVF at 30 h) (Fig. 1A) . Autophagic activity was slightly diminished during these late stages (Fig. 1B) . Thus, GFP-LC3 puncta appeared extensively when S6K and 4E-BP1 were dephosphorylated, indicating that there is a clear inverse correlation between autophagic activity and mTORC1 activity immediately before and after fertilization.
Inhibition of mTORC1 by Torin1 Is Not Sufficient to Induce Autophagy in Oocytes and Embryos
The above-mentioned observation suggests that mTORC1 negatively regulates fertilization-induced autophagy. To test this hypothesis, we tried to induce autophagy before fertilization by artificial inhibition of mTORC1. MII oocytes were treated with Torin1 or PP242, an ATP-competitive mTOR inhibitor [18, 19] . In these cells, S6K and 4E-BP1 were dephosphorylated more effectively than observed in IVF 3 h embryos ( Fig. 2A) . However, GFP-LC3 puncta were not generated in Torin1-or PP242-treated oocytes (Fig. 2B) . Thus, mTORC1 suppression is not considered to be sufficient to induce autophagy in MII oocytes.
MII oocytes may contain unknown autophagy-suppressive factors, which may function dominantly and mask the effect of mTORC1 suppression. Therefore, we tested whether Torin1 had an autophagy-enhancing effect after fertilization. To this end, Torin1-pretreated or untreated MII oocytes were parthenogenetically activated in order to strictly control the time points of autophagy induction and were cultured in the presence or absence of Torin1 for an additional 3 h. Western blot analysis showed that S6K and 4E-BP1 were dephosphorylated in a Torin1-dependent manner (Fig. 2C, lanes b and c) . However, fluorescence microscopy analysis showed a very small number of GFP-LC3 puncta in Torin1-treated embryos, which was even smaller than that of nontreated embryos (Fig.  2, D and E) . We further confirmed that either a higher concentration of or prolonged treatment with Torin1 had no YAMAMOTO ET AL.
FIG. 1. Induction of autophagy after fertilization is inversely correlated with mTORC1 activity. A) mTORC1 activity decreases rapidly after fertilization. Cell extracts obtained from 200 MII oocytes and embryos at the indicated times after IVF were separated by 13.5% SDS-PAGE and analyzed by immunoblotting using anti-phospho-S6 kinase (P-S6K), S6K, and 4E-BP1 antibodies. The intensity of P-S6K and the upward shift of the 4E-BP1 bands represent mTORC1 activity. b-Actin was used as a loading control. B) Autophagosome formation during preimplantation development. MII oocytes collected from transgenic mice carrying microtubule-associated protein 1 light chain 3 alpha fused to enhanced green fluorescent protein (GFP-LC3) were fertilized with wild-type sperm in vitro and cultured for the indicated times. These MII oocytes and embryos were fixed and analyzed by fluorescence microscopy. GFP-LC3 puncta represent autophagosomes. Bar ¼ 10 lm. effect on autophagy induction (data not shown). These results suggest that the suppression of mTORC1 is not sufficient to induce autophagy in oocytes and early embryos.
Activation of mTORC1 by CHX Is Not Sufficient to Suppress Autophagy in Embryos
We next determined whether restoration of mTORC1 activity can suppress autophagy in early embryos. Although CHX has a broad range of effects on cellular processes through inhibition of protein synthesis, it is known to activate mTORC1 sufficiently [20, 21] . When we treated one-cell embryos (IVF 3 h) with CHX for 3 h, S6K and 4E-BP1 were phosphorylated to levels similar to those observed in unfertilized oocytes (Fig.  3A) . However, CHX treatment did not suppress the formation of GFP-LC3 puncta (Fig. 3B) . These results suggest that mTORC1 suppression is not essential for autophagy induction following fertilization.
Phosphatidylinositol 3-Kinase Is Required for FertilizationInduced Autophagy
Our results showing that fertilization-induced autophagy is independent of mTORC1 activity raised the possibility that the induction of autophagy in early embryos uses a unique mechanism. In the canonical autophagy pathway, the activated ULK1 complex recruits an autophagy-specific class III phosphatidylinositol 3-kinase (PtdIns3K) complex, which is composed of Beclin1, ATG14 (L), vacuolar protein-sorting (Vps) 15, and Vps34 [22, 23] . PtdIns3K activity is essential for autophagosome formation; thus, we determined whether this was also the case in early embryos. We treated GFP-LC3-expressing embryos (IVF 3 h) with wortmannin or LY294002, potent inhibitors of PtdIns3K, for 1 h. We found that GFP-LC3 puncta completely disappeared in wortmannin-treated embryos, whereas nontreated embryos still possessed a large number of GFP-LC3 puncta (Fig. 4) . These results suggest that PtdIns3K is required for fertilization-induced autophagy, although it is independent of mTORC1. In addition, the rapid effect of wortmannin suggests that the turnover of GFP-LC3 structures is very high, which supports our previous finding that autophagic activity is high in early embryos at these stages [5] .
DISCUSSION
In this study, we first showed that mTORC1 activity is decreased shortly after fertilization and that this suppression lasts for approximately 20 h; however, MII oocytes keep a high level of mTORC1 activity after ovulation ( Figs. 1 and 2 ). Fertilization and subsequent signaling should lead to the rapid suppression of mTORC1 through a still-unknown mechanism.
This suppression of mTORC1 correlates well with the activation of autophagy, but we failed to show a causal relationship between them; mTORC1 inactivation is neither required nor sufficient for fertilization-induced autophagy. Although mTORC1 plays a central role in autophagy regulation, it has been proposed that there are mTORC1-independent regulatory pathways [6] (Fig. 5) . One of them is the adenosine monophosphate-activated protein kinase (AMPK) pathway. In addition to its effect on tuberous sclerosis complex 2 (TSC2), an upstream factor of mTORC1, AMPK can directly phosphorylate and activate ULK1 [24] [25] [26] . However, we could not detect any effect of phenformin, an AMPK activator, on the number of GFP-LC3 puncta in MII oocytes (data not shown). Alternatively, the downstream ATG14-Beclin 1-VPS34 complex may be regulated by various factors such as Bcl-2, JNK-1, DAPK, and the inositol triphosphate receptor in an mTORC1-ULK-independent man-FIG. 3. Activation of mTORC1 by cycloheximide is not sufficient to suppress autophagy in embryos. A) mTORC1 was activated by cycloheximide (CHX) treatment. One-cell embryos obtained 3 h after IVF (IVF 3 h) were additionally cultured in the presence or absence of 100 lg/ml CHX for another 3 h. These embryos were subjected to immunoblot analysis using the indicated antibodies. Each lane contains the extracts from 100 embryos. B) Formation of GFP-LC3 puncta in embryos was not inhibited by CHX. Embryos of GFP-LC3 mice (IVF 3 h) were treated with or without CHX (A) and were observed by fluorescence microscopy. Bar ¼ 10 lm. The number of GFP-LC3 puncta was not increased in Torin1-treated embryos after parthenogenetic activation. GFP-LC3 oocytes were treated as described in the legend to C and observed by fluorescence microscopy. All GFP-LC3 puncta were counted. Data are means 6 SD of three independent experiments.
mTORC1-INDEPENDENT FERTILIZATION-INDUCED AUTOPHAGY
ner [6] . Because our results suggest that fertilization-induced autophagy requires PtdIns3K activity (Fig. 5) , it is likely that factors farther downstream are shared by fertilization-induced autophagy and canonical autophagy. Thus, it will be important to investigate whether the ULK complex is involved in fertilization-induced autophagy.
Because autophagy has a role as an intracellular quality control system, understanding its regulatory mechanism in oocytes and early embryos could also provide new insights into the aging of oocytes, which is growing concern in infertility therapy.
